This study examined the possibility of surface heat treatment by the plasma electrolysis from phosphate electrolytic solution on magnesium alloys. Effects of the anodic plasma electrolysis onto various AZ series magnesium alloys on the mechanical properties and microstructure were examined.
Introduction
Recently, there has been a rapid expansion of the use of magnesium alloys due to the low environmental impact of these materials, for example, their light weight, rich resources, their exceptional recycling characteristics and their nontoxicity to humans, which leads to a good energy efficiency. 1) Particularly, in the field of transportation machinery, magnesium alloys as lightweight auto body materials are expected to improve fuel economy. At present, the AZ91D magnesium alloy containing aluminum and zinc has been widely used in all kind of magnesium alloys as die casting materials in order to improve the mechanical property and corrosion resistance in the transportation equipment field. 2) Since the AZ91D magnesium alloy contains about 9 mass% aluminum, heat treatment, such as solution and aging treatment, makes it possible to improve the mechanical properties. 3, 4) However, at the present time, heat treatment such as the solution treatment for the die casting parts with the complex shape as well as thickness of 1 mm or less is scarcely carried out because of the deformation of the products due to the heating strain, the long heating time, etc.
In the meantime, magnesium has the lowest electrochemical potential among all the common commercial metals and is extremely prone to corrosion. Therefore, corrosion protection is needed when magnesium is considered for industrial applications. In particular, the surface treatment is indispensable for the long-time service of transportation equipment.
5) The anodizing of magnesium alloys is used as a surface treatment technique to produce material that has a high resistance to corrosion. Typical treatments currently used include Dow17 6) and HAE. 7) The authors have already examined another method of protection of magnesium alloys by environmental-friendly anodizing using an electrolyte consisting of phosphate and ammonium salts without heavy metals and harmful chemical agents such as fluorides, and showed an excellent corrosion protective performance. 8, 9) Since a film grows by uniform sparks during dielectric breakdown in this anodizing, this uniform sparking seems to make it possible to uniformly heat the magnesium substrate surface in the electrolytic solution.
In the current investigation, an attempt was made to improve the mechanical properties of a magnesium alloy by a surface heat treatment with anodizing from a phosphate solution. 8) Effects of the anodic plasma electrolysis on the mechanical properties and microstructure of various AZ series magnesium alloys were examined.
Experimental Procedure
Experiments were conducted using an AZ91D magnesium alloy plate made by die casting and three kinds of AZ series magnesium alloy plates (wrought materials). The chemical composition of each specimen is shown in Table 1 . Figure 1 shows the microstructure of each specimen. The specimens were first subjected to a pretreatment by alkali cleaning and pickling. Anodizing was conducted by direct current electrolysis using a solution of phosphate salt. The heat input to the specimen was made by changing the final bias voltage from 250 V to 400 V. A SUS316L stainless steel sheet was used as the cathode. The solution temperature was controlled at 298 K AE 5 K. For comparison, another anodizing by Dow17 (250 g/L ammonium hydrogen fluoride, 100 g/L sodium dichromate, and 90 mL/L phosphoric acid) was also used to prepare the specimen. The conditions for the Dow17 anodizing were as follows: Solution temperature: 348 AE 5 K, Current density: 0.25 kA/m 2 , Final bias voltage: 100 V, Electrolysis time: 900 s.
The anodizing was conducted for the tensile test pieces shown in Fig. 2 . The surface and the cross section of the obtained films were observed by SEM, and the following mechanical properties for each treatment were evaluated. The tensile test (crosshead speed: 0.5 mm/min) was performed in order to determine the tensile strength and the elongation. The microstructure observation was carried out in order to examine the effects of the anodic electrolysis on the metal structure.
Results and Discussion

Morphology of various treated coatings
It is possible to observe the reaction at the electrode surface because of the transparent electrolytic solution consisting of the phosphate salt without any heavy metals ion in this study. When the anodic electrolysis was started, a white oxidation film was immediately formed on each magnesium alloy substrate along with the generation of oxygen. The current gradually decreased since this oxidation film is not electrically conductive. However, the voltage increased in order to counteract the reduced current because of the anodic electrolysis at constant current. A dielectric breakdown occurred when the voltage reached approximately 200 V. Subsequently, the current recovered again, and then gradually approached the set value. Figure 3 shows the appearance before the electrolytic treatment at the AZ91D substrate and its spark discharge under dielectric breakdown. The spark discharge uniformly occurred at the substrate surface due to the dielectric breakdown. As the electrolysis voltage increased, this spark discharge was intensified. On the other hand, the spark discharge by the Dow17 treatment, like the electrolysis from the phosphate electrolytic solution, occurred, however, the Dow17 electrolytic solution of dark yellow green leads to difficulties in observing the spark discharge. Figure 4 shows the secondary electron image of the surface of the AZ91D anodized at 350 V. The oxide films with large number of microscopic pores were observed, and then these pores, which were formed by means of the spark discharge, expanded with the increase in the final bias voltage. This environmental-friendly anodizing is currently applied on a massive scale for magnesium products because of its excellent corrosion protection. [8] [9] [10] The Dow 17 anodized film also had numerous microscopic pores in a similar manner as Fig. 4. 3.2 Effect of anodic electrolytic treatment on the mechanical property The relationship between the tensile strengths of the various magnesium alloys obtained from the tensile test and the anodic electrolysis are shown in Fig. 5 . The tensile strengths are the mean values of three samples each. Each tensile strength of the AZ10 and AZ31B alloy specimens was almost unchanged by varying the final bias voltage, but the tensile strength after being anodized at 400 V was slightly reduced.
On the other hand, each tensile strength of the AZ61 and AZ91D alloy specimens was changed by varying the final bias voltage. For the AZ61 anodized at 350 V, the tensile strength increased, and then was reduced at 400 V. In addition, those of the AZ91D anodized at 250 V and 350 V increased, but were also reduced at 400 V.
In this way, the results of varying the mechanical properties depending on the electrolytic treatment indicated that this treatment will influence the metal structure.
Based on the magnesium-aluminum binary phase diagram, 11) magnesium is capable of dissolving about 2 at% aluminum. In the case of the supersaturated solid solution, such as the AZ91D alloy containing 9 mass% aluminum, the heat treatment, such as the solution and aging treatment, makes it possible to improve the mechanical property. Conversely, for the magnesium alloy with a low aluminum content, such as the AZ10 and AZ31B alloys, it is not possible to improve the mechanical property by a similar heat treatment. The foregoing result of tensile testing with the anodic plasma electrolysis is in good agreement with the heat treatment condition based on the magnesium-aluminum binary phase diagram. In the case of the AZ61 and AZ91D alloys, the electrolytic treatment near 350 V seems to cause the heat treatment of the solution and aging.
On the other hand, as for the Dow17 anodizing, whose electrolytic solution and electrolytic conditions differ from the phosphate electrolytic solution, no increase in the tensile strength occurred, and the tensile strength by this treatment inversely was reduced. These results indicate that the variety of electrolytic solutions and solution temperatures are closely related to the mechanical property besides the final bias voltage during the electrolytic treatment with the spark discharge.
3.3 Effect of anodic electrolytic treatment on the microstructure From the results described in section 3.2, it was obvious that the anodic electrolytic treatment from the phosphate electrolytic solution should influence the mechanical properties of the magnesium substrate. The spark discharge during the anodic electrolytic treatment heated the substrate surface, and the metal structure near the substrate surface then changes. Therefore, it can be speculated that the mechanical properties are changed by the anodic electrolytic treatment. Figure 6 shows the cross-sectional microstructures of the magnesium alloy substrates before and after the anodic electrolysis. For the microstructure before the anodic electrolysis, it was easy to observe twins originating from the plastic deformation in the specimens of the AZ10, AZ31B, and AZ61 alloy produced in the form of wrought materials. In addition, there was a large number of twins close to the surface. As for the AZ91D alloy specimen, no twins were observed because of being manufactured by the die casting process, and its grain size was approximately 5 mm or finer, depending on the rapid solidification by the metal mold.
On the other hand, each microstructure of every specimen was changed by the anodic electrolytic treatment. The twins of the AZ10, AZ31B, and AZ61 alloy specimens decreased by this electrolytic treatment, and then the twins completely disappeared at the final bias voltage of 400 V.
For the purpose of clarifying further details about these changes, an electron backscattering diffraction (EBSD) analysis was conducted of the AZ31B alloy (Fig. 7) . There was a large number of twins before the anodic electrolytic treatment, then the twins decreased after this treatment. In addition, the twins completely disappeared and the grain size increased at the final bias voltage of 400 V. Furthermore, an understanding of the grain coarsening of the AZ91D alloy with the increased final bias voltage was acquired in a previous study. 12) These results indicated that the heating, which recovers the plastic strain, occurs near the substrate surface, and the heat input into the substrate increases with the increasing final bias voltage.
The result of the reduction in each tensile strength of every specimen, as shown in Fig. 5 , is explained in terms of the relaxation of the strain and the grain coarsening shown in here.
Secondly, TEM observations were taken of the AZ91D alloy, because the change in the tensile strength of the AZ91D alloy was more remarkable than that of the other specimens. Figure 8 shows the results of the cross-sectional TEM observation of the specimen near the surface before and after the anodic electrolytic treatment at the final bias voltage of 400 V. On the specimen without the anodic electrolytic treatment, precipitation of the intermetallic compound ( phase, Mg 17 Al 12 ) was observed along the grain boundary. This intermetallic compound was also observed in the specimen with the electrolytic treatment at 400 V, and these intermetallic compounds then coarsened. The heating depending on the sparks that occurred due to dielectric breakdown seems to give rise to the precipitation of the Mg 17 Al 12 from the supersaturated solid solution in the matrix and the grain coarsening. Figure 9 shows the bright-field and dark-field TEM images near the substrate surface after the anodic electrolysis at 250 V. Fine particles, whose size were 20-50 nm, dispersively precipitated in -phase matrix. Mg 17 Al 12 compounds, which segregated in the grain boundary, when cast, were dissolved in the -phase by the heating due to electrolytic treatment, and then fine particles consisting of the Mg 17 Al 12 intermetallic compound shown in Fig. 9 , precipitated from this supersaturated solid solution produced by the electrolytic treatment. In this way, the disappearance of the Mg 17 Al 12 compounds, which segregated in the grain boundary, and precipitation of fine Mg 17 Al 12 compounds leads to the improvement of the tensile strength.
Finally, the tensile strengths of the AZ10 and AZ31B alloys were not improved by the electrolytic treatment, however, those of AZ61 and AZ91D were improved. These results are explainable in terms of the precipitation of the Mg 17 Al 12 compounds. That is to say, according to the magnesium-aluminum binary phase diagram, 11) since magnesium can dissolve about 2 at% aluminum at ordinary temperature, it seems that precipitation of the Mg 17 Al 12 compounds shown in Fig. 9 is not generated.
As the summary shows, based on the attempt to conduct the surface heat treatment with anodizing from a phosphate solution, it was possible that the mechanical properties of the AZ61 and AZ91D alloys were improved in terms of the solution and aging treatment depending on the treatment conditions (final bias voltage, current).
Conclusions
This study examined the possibility of a surface heat treatment by plasma electrolysis from a phosphate electrolytic solution on various AZ series magnesium alloys in which the aluminum content changed. The spark discharge by this electrolytic treatment was found to change the metal structure as well as the heat near the substrate surface. At that time, the heating by the electrolytic treatment makes it possible to improve the mechanical property of the AZ61 and AZ91D alloys which dissolved the aluminum in the supersaturation solution due to dissolving the aluminum in the Fig. 9 Bright-field and dark-field TEM images of the substrate near the surface after anodic electrolysis at 250 V.
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